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ABSTRACT 


The objective of this thesis is to provide informa- 
tion regarding the distribution of transverse bending and 
shear stresses in a main transverse bulkhead of a catamaran 
cross~-structure. Additionally, data is to be obtained on the 
width of deck plating between main bulkheads that resists 
transverse bending. The particular cross-structure configura~ 
tion to be investigated is patterned after the United States 
Peep eek -2i1 Class catamaran. 


This study is of a two-dimensional nature to 
eliminate the influence of the adjacent transverse bulkheads 
Semeemen stress distribution. In this configuration, the cross- 
meme@erture bulkhead with its associated “effective breadth" of 
top and bottom deck plating resembles a large plate girder. 
The principle parameters varied are the breadth to depth 
(B/D) ratio of the cross-structure and the ratio of assumed 
poemimetrective deck flange cross-sectional area to the 
cross-sectional area of the bulkhead web Ue a 


, The photoelastic method of stress analysis employing 
(eteicara Circular crossed polariscope in conjunction with a 
finite element computer program were used to conduct the 
investigation. The two-dimensional models were machined from 
Pivecolastic's PSM-1 material. 


A total of twelve models were constructed using 
three values of B/D. Within each B/D series, the values of 
A¢/A, were varied. The models were simply supported and 
M@eaen in vertical and horizontal directions. A finite 
element grid was established for each of the models and a 
series of computer calculations were made using the same 
loading and pararmeter variations as for the photoelastic 
models. 





—3- 


Tne stress distribution obtained with both methods 
of investigation indicates that the variation in transverse 
bending stress through the depth of the cross-structure is 
PeeLoximately linear for the vertical and horizontal loads 


acting separately. The shear stress (Txy) approximates a 
parabolic distribution for the same loads. Maximum shear 
merece (144%), however 1s nearly constant for the higher 


Memes Of Ar/A,. A value Of A;/A, above which the level of 
stress no longer decreases for a given load was not deter- 
mined. The data, however, suggests that such a value of 
Af/A,, does exist. This data is valid in tHOSe aieac away 
fPmeometcie junction of hull and cross~-structure. It is felt 
memmoe applicable to other catamaran cross-structures of 
fiear design. The distribution of stress in the vicinity 
@eene Null cross-structure junction is considered to be 
aeomrcable to the ASR configuration only. The stress 
throughout the model resulting from the combined vertical 
and horizontal loads is not considered typical of that likely 
to be encountered in a prototype ship due to the propor- 
tionally excessive horizontal load required for photoelastic 
testing. 


Three-dimensional studies should be undertaken 
with particular emphasis placed on the determination of 
emiewetrective breadth" of deck plating, and verification 
of the linearity of the transverse bending stress distribu- 
tion through the depth of the cross-structure. 


Thesis Supervisor: William M. Murray 
Title: Professor of Mechanical Engineering 
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INTRODUCTION 


As a distinctive ship form, catamarans have been in 
existence for several hundred years. The Polynesians were 
perhaps the first to use the catamaran in the form of their 
eutrrggqer Canoes. More recently, the E. W. THORNTON and 
REDGELY WARFIELD have been built in the United States for 
offshore drilling and oceanographic work respectively. 

With the development of the submarine rescue ship 
(sok 2i Class) as a catamaran, the U. S. Navy became 
miterested ih this type of hull form. 

Prior to the developments indicated above, the 


catamaran was regarded primarily as a novelty shiv, with 


little or no investigation of the stress Se emieueren im 
the cross~structure having been performed. This lack of 
information was pointed out by Lankford in his article on 
mien Gteructural design of the ASR catamaran (Reference 9). 

In his article, Lankford indicated three primary areas 
Moat required investigation in order to properly design the 
cross~-structure of the ASR. These areas included: 

(a) Type of loading imposed on the hulls that would 
meweritical to cross-structure design. 

(Hm bDIlStiGdio@eronw OL the loads within the cross=— 
structure joining the two hulls. 

(c) Design of the joint between the cross-structure and 


the hulls to withstand the loading imposed on it. 
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For the ASR, statistical analysis of wave data was used 
to determine the critical loading. Tne transverse bulkheads 
between the two hulls together with an-.effective breadth of 
plating as the upper and Toner: flanges were considered to be 
the primary load bearing members of the cross-structure. The 
Pareeen plating of the cross-structure was "dove-tailed" into 
the hulls to form the joint between hull and cross-structure. 

The objective of this thesis was formulated from (b) 
above. The experimental work in the thesis was undertaken to 
provide information regarding the distribution of transverse 
bending and shear stresses within a main transverse bulkhead 
@emeenc CLOSS-Structure along with data on the width of 
plating between the main Saubeeeee that resists transverse 
bending. | 

Due to the inherent complexity of the problem, it was 
feeraed tO conduct this initial investigation utilizing 
two dimensional techniques. The method of investigation 
would include the use of photoelastic models and a finite 
element computer program, FINEL, provided by the Naval Ship 
Research and Development Center, Washington, D.C. 

A series of twelve bulkhead models were constructed 
meeom photoelastic plastic (PSM-1). The models were scaled 
to the outline of ASR Bulkhead #84. The model parameters 
varied were the breadth to depth ratio of the cross-structure, 
B/D, and the ratio of the cross-sectional areas of the deck 


flanges to the bulkhead web, A,/A,,° These parameters are 
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mebustrated in Figure I, and listed in Table B-1l. 
Additionally, these same models were used for the basis for 


the computer models. Loading was applied to simulate simple 


bending of the cross~structure from vertical and horizontal 


loads. 

No doubt this procedure is an oversimplification of the 
meeval Situetion. However, in order to gain an insight Taere: 
the problem and obtain some information in the short time 
available, it was considered acceptable. To my knowledge, 


there has not been a Similar investigation conducted in 


mats area. 
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ee 
EL CCEDURE 


As previously stated, the primary objectives of this 
thesis were to obtain an insight into mie Ct Seat OU toll Oa 
transverse bending and shear stresses in a main transverse 
Meeciead Of a Catamaran cross-Structure, and to gather 
data on the amount of plating between bulkheads that resist 
such bending stresses. The objectives were accomplished 
through the use of two-dimensional photoelastic models and 
a finite element computer program. 

The photoelastic models were prepared econ 12) SU oo la 
Seomplete details as to ode preparation are contained in 
Peocnaix B. The polariscope in the Ship Structures 
Peeratory was set-up and aligned to give a dark field 
presentation. The models were placed in the loading frame 
maciva load of 200 psi was applied to the loading ram head.” 
The models were simply supported and loaded separately in 
Mmemeezontal and vertical directions. Figure Il depicts the 
loading of the models. Tne same load was applied to all 
models at the same location. There were no supports or 
clamps used to prevent out-of-plane bending of the models. 
With the models in a loaded SComemerOn, Piotcograpus of the 
fringe patterns were made using a Polaroid 4" x 5" film 


(0 a 
A load of 200 psi on the ram head has no significance 
menor than this load provided good fringe pattern photographs. 
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holder and Polaroid Type 52 film. Using these OnOeo ae nee 
the frings orders at several points were determined. 
Complete details of these procedures are contained in 
Appendix B. The fringe pattern photographs are included in 
Appendix D, while the fringe order data is presented in 
Appendix C. ; 

PMmecOnMNCELOMayr tN the pwhotoellastic testing, a finite 
element grid was established for each model. Ideally, the 
fringe pattern photographs should be used to identify those 
areas of high stress concentration so that a finer mesh 
grid can be used in these areas. Due to the shortage of 
time, and the desire to compare the two methods of 
investigation, a grid was eStablished early so that it 
might be scribed on the plastic models. Anticipating an 
Meeeeet stress concentration at the joining of hull and 
cross-structure, the grid was made finer in this region. 

The finite element grid was next transformed into the 
appropriate format in accordance with Reference 14. 
Computer runs were made for each of oe onee Each 
computer model was loaded at the same location and with the 
same load as the corresponding photoelastic model. Addition- 
ally, results were obtained with a combined vertical and 
horizontal load. The results were then interpreted as 
outlined in Appendix C. Additional information on the finits 
Millement method is contained in Appendices A and B, while a 


summary of the computer results is contained in Appendix C. 
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Saleh 
RESULTS 


PsQciromati C deiage Pagterwentor all model loadings 

are shown oe enteea D7 tiarough Bese 

Tabulated computer results for all model loadings are 
presented aeesiolie aC Amiida@ uci C—O - 

mhe effect of varying B/D and A,/A., on the transverse 
bending stress at the junction of cross-structure and 
Mies SOW eee coiEe Ss. ity iv; V, Vi, Vid, and Vill. 
mnie effect Of varying B/D and A, /A,, on the transverse 
bending stress at a point on the bottom of the cross- 
Serucrture 1S Shown 1n pieces lt ie ry OG ilies sain 


po. 


Typical vertical shear stress distribution in the 


Br@ss Seructure at the jumction of hull and cross- 
Structure is shown: 

fata Fagure XV for vertical loads 

beyein Figure XVI tor horizontal loads 

fomeln bigure XVit tor combined loads. 

Typical vertical shear stress distribution in the 
eross-structure at a distance x/L = 1/3 from the model 
centerline is shown in Figure XVIII. 

Mransverse bending stress distribution in the cross~- 
PeaUeCribeomatecnemiunetlon Gf hull and cross-structure £or 


the unstiffened models is shown in Figure XIX. 
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Typical transverse bending stress operon in the 
G@ae@eac - srruecture at the quncElon of hull and cross-— 
NeaUcmieac EO Waay ig edegrees Of moadel stiffening 1s 
shown in Figure XX, 
Transverse bending stress distribution in the cross- 
structure for unstiffened models at a distance of 
ey7ie— 1/3 from the model centerline is shown in 
Figure XXI. 
Typical transverse bending stress distribution in the 
Sross-structure at a distance of x/lL, = 1/3 from the 
model centerline for varying degrees of model stiffen- 
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DESCUSS ION OF {RESUS 


TSochrOnmaeromrringe patterns of hOrizoneal and vertical 
Meadings were obtained for each of the model configurations © 
Mmeeea im Table B-Il.” Additional fringe patterns were 
peeeeneo £Or models 2, 3, 4, 6, 7, 8, 10, ll, and 12 with 
“only Bene top, deck=itlange” in pllace. AT Bales patterns 
are reproduced iy Append OD, — The fringe patterns are of 
only one-half of the model. However, since she models and 
the loads are symmetrical, the patterns are representative 
of the overall stress distribution. 

Umrortunarely, the photoelastic results of this thesis 
are largely qualitative. Monetary restrictions prevented 
the use of an additional less sensitive material in order to 
Metedam Ene directions of the isoclinics. Photographic 
equipment size limitations prevented the photographing of 
the entire half portion of the model. Without the isoclinics 
and edge stresses, the only quantitative results obtainable 
are the differences in principle stresses and the distribu- 
tion of maximum shear icseea: These results are valuable 
in their own right. However, for purposes of comparison with 
mee cOormat of the computer results, they are difficult to 
Meee it is felt that the addition of the lines of principle 
Stress would be a valuable addition to the data. 


The amount of computer output for each model loading is 


Guite extensive. It was not possible to include all of this 
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Yaw data; however, those stresses thought to be particularly 
relevant are included in Appendix C. The values for the 
stress distribution plots in the previous section were 
obtained from the computer data. 

Figures III through VIII show the stress value at the 
memetion Of the hull and cross-structure fen oul mode lls utor 
eer types of loading. For the horizontal and vertical loads 
meerng separately these graphs indicate that increasing either 
By or A¢g/A,, ee in an increased level of stress at the 
mum@etion, the stress being tensile for vertical loading and 
compressive for horizontal loads. This trend is confirmed 
by the fringe pattern photographs. Additionally, these 
figures suggest that there is a limiting eieauon Ae /B, 
Peeeoencreasing B/D. Figures VII and VIII, which are for 
combined loading, are interesting in that they indicate a 
Peoitricant drop in the stress at the junction with increas- 
mage B/D and a . These curves are Cn ly som ssa gil fileance 
however for this type of joint design. Further, the load in 
the horizontal direction is felt to be excessive, it being 
improbably that the prototype catamaran would experience a 
load of such a relatively large magnitude. For these 
Memoons, it 1S doubtful that such a significant reduction of 
Stress would occur in the BrOrOtyDe. 

Figures IX through XIV illustrate the varying of the 
same model parameters as above; however, the point of 


interest is now towards the model centerline away from the 
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memetion Of the cross-structure and hulls. The results are 
as might be expected, that stress level decreases with 

' decreasing B/D and increasing AR/D Unfortunately, this 
set of model parameters did not establisn that point at 
which A;/A, 1s no longer effective in reducing the stress 
level. The trends of these curves can readily be seen in 
the fringe pattern photograplis, with the effect of increas- 
ing A;/A, dramatically illustrated. No doubt the configura- 
poem Of the hull cross-structure junction has some 
influence on these curves. FOwever ole 1S Geubtrtul that 
the influence would be so great as to prevent these curves 


being applicable to a catamaran of the same general cross- 





Beereture design. 
Figures XV and XVII are representative of the shear 
metess AGistribution at the hull cross-structure junction of 
mtemevarious models and loadings. The results of all models 
are not plotted because all of the curves are of the same 
general shape. For the horizontal and vertical loads on 
the unstiffened models the stress distribution is of the 
expected parabolic shape. However, the results for the 
stiffened models depart radically from this shape in the 
meemon Of the “notch." For the combined ‘lgavdl, les Telex sexs) 
are back to the parabolic type. The same remarks regarding 
the applicability of these curves miy be made as Seow een 
namely that the curves should not be applied directly to 


@emer hull cross-structure junction designs. 
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Figure XVIII is representative of the shear stress 
Msc ribution at points other than along the hull cross- 
structure junction line. Generally, the shear stress ae 
increases with increasing B/D and decreasing ee The 
photoelastic fringe patterns indicate that maximum shear — 


eeress (T curves have opposite curvature to that shown 


max? 
in Figure XVIII, the maximum shear occurring along the top 
mae OOttom Of the cross-structure. For the vertical loads, 


Ene £ringe patterns also show that T 1s nearly constant 


max 
Memeo ecile Ge pt Of the cross-structure. This latter 

result is most applicable to those models “ech higher 

haiue of BE a 

The effect of the junction on the transverse bending 
Beress due to vertical loads is shown quite clearly in 
meme XIX, while Figure XX indicates the additional effect 
Seestitiening at the junction. The amount of stress reduc- 
tion at the top of the cross~structure is also quite 
evident. Again, these curves are representative for all 
models tested. 

The final two figures, XXI and XXII are representative 
of the transverse bending stress distribution due to vertical 
Mees, away from the hull cross-structure junction. The form 
of the curves for the unstiffened models compares favorably 
With that for deep beam theory with D/L ratio equal to 1/2. 


However, the stiffened model results do not exhibit this 


trend. The curves in Figures XXI and XXII can very nearly 





—-43- 


be approximated by straight lines, thereby suggesting that 
the stress distribution 1s more like that predicted by 
Standard beam theory, rather than plate or deep beam 
Meory. Should this be true, significant savings in steel 
weight could be achieved in the full sized ship structure. 
Comparison of the photoelastic method of stress analysis 
Pome analysis utilizing the computer is difficult in that 
sufficient comparable numeric data is not available. 
Comparison of the edge stresses predicted by the computer 
mma those calculated from the photoelastic models agree 
within about six percent. the value of the photoelastic 


Mocels in presenting the overall picture of stress distribu- 


tion cannot be overemphasized. It enables the area of high 
stress to be identified at a glance. The computer program 
gives a wealth of information. However, it is a tedious 


Ma@ceacire to extract the results from tne data and caution 


must be applied in the interpretation of the results. 
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Ac 
CONCLUSIONS 


For separate horizontal and vertical Gadi, 
increasing B/D ana A-/A,, results in an increased level 
of transverse bending stress at the junction of hull 
moe, CLrOSS-Structure. 

For the combined loading, the Heeerae in transverse 
bending stress at the junction with increasing B/D and 
ie I, , 1s not considered applicable to a prototype 
Structure due to the excessive horizontal load. 

Away from the junction, increasing A,-/A,, and decreasing 
B/D results in a general reduction in transverse bend- 


ing stress. Again, due to the excessive horizontal 





M@eding, abplicabliity to a prototype structure is 
questionable for the combined loads. 


piear stress (T 7) at the junction generally increases 


Meech imereasing A;-/A, and increasing B/D. 
Shear stress (T) Pepe et hes Obie; ehnam the mil? <erogs— 
structure Junction generally increases with decreasing 


Ac/A,, and increasing B/D. 


Maximum shear stress (T JeOCelcs along ene Lop and 


max 
bottom edges of the unstiffened models. 

Mire vertical distribution of maximum shear stress ties) 
iS approximately constant for the stiffened models. 


Moe best Correlation occurs with the higher values of 


A,/A,, and lower values of B/D. 





HO. 
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The vertical distribution of transverse bending stress 
GiewEOnverelCaleiooding 1s very nearly linear, suggest- 
ing that the stress may be between that predicted by 
standard beam theory and deep beam theory. 

ein ting Valuevor Ag /K,, apove which further reduction 
in the level of transverse bending stress would not 

occur was not determined. The data, however, suggests 
that such a limit does exist. 

The results for those stresses calculated at the junction 
Pewee ance clOcs -otrUcCture are applicable only to other 
Gatamarans Of similar junction configurations. 

The results for those stresses calculated at points 

away from the junction should be applicable ‘a 2) 
general sense to other cross~structures of similar 

design. 

Used together, the photoelastic and computer methods of 

stress analysis ctvauulel Drove to be a valuable aid to 


the designer. 
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RECOMMENDATIONS 


The information gained in this thesis is but a small 
Bart Of that required to properly design the cross-structure 
of a large catamaran. Future investigations should concen-~ 
trate on the determination of the effective breadth of deck 
plating that is resisting transverse bending. Additional 
[eteormation is required too, to substantiate the observation 
Emat most of the depth of the bulkhead web contributes to 
fie bending resistance. It is doubtful that further work 
on a two-dimensional scale would be of any significant value. 
Therefore, it is recommended that any other experiments be 


done on a three-dimensional scale. 
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APPENDIX A 


SUPPLEMENTARY BACKGROUND INFORMATION 


Meocoeclastic Analysis 

The photoelastic technique of studying stress distribu- 
Meemewithin a model has become an everincreasing effective 
method of stress analysis since first being observed by 
eee in 1916. The basic technique itself is quite 
Simple. A model is made of a birefringent material, placed 
in a loading frame and stressed. Using a polariscope, 
Petearized light is directed through the model. In accordance 
Pee onell's law, the light is refracted by the model, its 
velocity being changed in proportion to the index of 
fenraction. The birefrigent property of the model ee | 7 
meiiees the light beam to be resolved along the two planes of 
Meanciple stress. The velocity of transmission along each 
plane is dependent upon the stress intensity in the model. 
meee light, traveling along the two princivle planes, emerges 
feom the model out-of-phase. The laght then passes through 
the analyser, a polarizing device with its axis normal to 
Pateeot the original polarizing unit. Upon passing through 
the analyser, the two transmitted light components either 
augment each other or cancel one another. This results ina 
series of dark or colored bands appearing on the viewing 
screen. These interference bands or lines are called 
isochromatics. Other lines called isoclinics can be used 


hOr finding the stress directions. 
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Tsoclinic lines are obtained when a plane polariscope 
is used. The lines are defined as the locus of points at 
which the principle stress direction coincides with the 
Seecection Of polarization. The lines appear as black lines 
across the model when either monochromatic or white light is 2 
Mea, The isoclinic pattern is obtained by rotating the 
polarizer and analyser simultaneously, usually in increments 
Of about ten degrees, and tracing the resulting black lines. 
Mmmorder to obtain better definition of the isoclinics, a 
relatively insensitive birefrigent material should be used 
for the model. If isoclinics are desired, plexiglass is a 
Suitable material. Isoclinics are necessary to construct 
Permciple stress patterns and are useful in making @-° ~~ 
Mgentitative analysis of the principle stresses. 
Isochromatic lines appear as colored patterns if white 
meg 1s used or as black lines if a monochromatic light 
source is used. The lines are known as fringe orders or 
orders of interference. They are defined as the locus of 


~ 


points of constant difference between principle stresses, 


(Oo, = Go). Additionally, since maximum shear stress is 
defined as (oO, - O5)/2, the lines also represent the locus 
Of points of constant maximum shear stress. In order to 


best observe the isochramatic lines, a sensitive birefringent 


Mreerial should be used for the models. 
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When a stressed model is viewed through a plane 
Mebariscope, both the isoclinic and isochromatic lines will 
fepear. In order to eliminate the isoclinic lines, quarter 
wave plates are placed between the model and the polarizer and 
enelyser. These plates are made such that they cause a rela- i 
tive retardation of one quarter of the monochromatic wave 
length being used. The light now emerging from the analyser 
fee a CONndition which is termed circular polarization. 
Miewcircularly polarized light is non-directional in nature, 
feifeertt 1S not effected by the directionality of the 
Peemiciple stress axes on the model. 


ihe can be shown that: 


= 18) 
eS) aT 
Where: f£ is the fringe constant of the model 


Maer Velen poundS sper 1nch-erdex } 
eel Se Omdcmeet. inte Lerenge 
h is the thickness of the model (inches). 
lime order to determine Wen eeenencs between the principle 
stresses at a point, it is only necessary to determine the 
emer Of interference at that point. The quantity (O54 = 0.) 
is then obtained using the above formula. 
The order of interference is determined by first locating 
Pmeoint of zero order and then counting the lines to the point 
in question. The points of zero order are found by observing 


the growth of the fringe pattern while loading the model; 





noting those lines or areas which remain dark through the 
entire loading process. 
Since for tnis thesis it was only possible to obtain a 


wmelue of (07 ~ 0.) Gre vartous polrncs, Only the 1s0ochromatic 


FY 


fringe patterns were obtained. References (4) (6), and (8) should 
be consulted for a more detailed discussion od photoelastic 
theory, the polariscope and reduction of Gata from the 
mSeange patterns. 
Beprte Hiement Analysis 

The finite element method of stress analysis has been 
used in the aero industry for some time, and is now coming 
mmeenmore widespread use as a tool for analysing the stresses 
@Meveloped in a ship's hull. In the method, a real cont mone: 
structure is represented by a large number of small elements 

N 

(plates, beams, etc.) whose elastic properties are taken to 
Stosely approximate those of the real structure. A set of 
Simultaneous equations are generated by the application of the 
conditions of compatibility of deflections and equilibrium of 
[ieeees at the joints or nodes of the connecting elements. 
The solution of this set of equations results in an approxi- 
Mmeemon tO the stress distribution in the real structure. It 
is most convenient to use matrix algebra to solve the equations 
thereby facilitating the use of a computer in setting up and 


solving the equations. 
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The computer program used for this thesis was provided 
by the Naval Ship Researcn and Development Center (NSRDC), 
Washington, D. C. The program was first written by 
fer. Paulling of the University of California. It was later 
modatied for use on the IBM 360/91, and enlarged to include 

Meener clement types. This later work was done at NSRDC. 

Paulling's work is described in Reference (12), while 
Reference (2) provides a good general overview to the method 
of analysis. For a detailed description of the method at a 
West book level, Reference (13) should be consulted. 
ecaling 


in the modeling of a real structure, there must exist a 


Sa ie ek - a a ee EE 





certain relationship between the linear dimensions of the 
model and the prototype. It has been shown using the theory 
\ 

of elasticity, and verified experimentally, that the 
difference in Poisson's ratio between metal and plastic has 
Mittie effect on the magnitude or distribution of the stress. 
The significance of this being that it is not necessary to 
scale the thickness hekireen model and prototype. ‘This is 
important since the thickness of the photoelastic models 
used in this thesis is of the same order of magnitude as the 
thickness of the actual catamaran bulkhead. 

The above ensures that the stress distribution results. 
of the unstiffened models (#1, #5, #9) may be applied directly 


Gemeeie full scale prototype. If it is assumed that the strain 





eee see acme eee Se eo ce ee 
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in the thickness direction caused by the stiffening of the 
remaining models 1s negligible, then these results may also 
be applied to the full scale prototype. Examination of the . 
maenge Order patterns would indicate that this is a valid 
assumption. 

A constant length ratio between protdtype and model was 
maintained for all models with respect to breadth and depth 
dimensions. It was not possible, however, to apply the 
same scale factor to the dimensions of the stiffening 
members. This was so because the scaling was not compatible 
meoerovendicular directions. 


In scaling the stiffening member, the cross-structure 





with its associated "effective breadth" of deck plating was 
taken to be a large plate girder, with the bulkhead acting 
as the web and outside deck plating acting as the two 
Peemoges. The ratio of total flange cross-sectional area to 
web cross-sectional area was determined. This ratio was 
meee opiied to the model in order to determine the 
Bemtective breadth” of plating for a given thickness of 
photoelastic plastic. From the above, the ratio Ny was 


defined and became one of the model parameters. 
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Ue cath pO Wp, Gae os) 


Pit ioeOr” PROCEDURE 


General 

The accomplisnment of this thesis was facilitated a 
great deal by the work done in CEM Cet stel = © aa OUD BEE rete 
(ll). These theses provided valuable details as to 
polariscope use, model preparation, experimental technique 
and data presentation. 

After studying these references and other sources on 
mm@encross-Structure problem, an experimental procedure was 
formulated to accomplish the thesis objectives. As a result 
of this formulation, the model parameters discussed previously 
were established and the following steps were carried out. 
Model Preparation 

The material selected to construct the models from 
weoeeot—-1, manufactured by Photolastic, Inc., of Malvern, 
Pennsylvania. The primary reasons for its selection were its 
magn sensitivity and freedom from creep and edge effects. 
The latter makes this an excellent material for exneriments 
that are to be conducted over a relatively long period of 
time. Further, it enables selective loadings to be rerun 
to check the photographic results. PSM-1 does offer some 
disadvantages, however. Its high sensitivity makes it 
vertually useless for determining isoclinics. A more 
Be~lous drawback, for my purposes, was its very high sensi- 


tivity to heat when being cut. It appeared that even low 
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mea Generation would cause residual stresses to be developed 
Meecuie material. For this reason the cutting and machining 
of the models were very tedious and time consuming. In any 
further work, it is suggested that a less sensitive material 
Such as PSM-5 be used if the models are not to be profession-~ 
eeeey made. The physical characteristics for all cf photo- 
eillastics materials are contained in Reference (15). 

In order to use the high speed cutter in the Ship 
meegetures Laboratory for final cutting of the model it was 
Meeessary to make a metal template of the model outline. 

This was done by tracing the model outline from Reference 
(16) onto a sheet of 1/16" aluminum using the planograph in 
miewExperimental Projects Laboratory. During the tracing, 
the scale was reduced by one half so that the model scale is 
wes" = 1'. While a thickness of 1/16" was used for the 
template, a 3/8" thickness would be more compatible with the 
magm speed cutter. The metal template was then cut to the 
model outline and the edges smoothed. The band saw and 
Sander in the student machine shop were used for these 
operations. 

PSM-1 comes with a protective paper covering that can 
be drawn on to outline cuts, etc. The metal template was 
Msea to trace the model outline on the PSM-1 material. fhe 
models were then rough cut using the bandsaw in the Materiais 
Processing Laboratory. The saw blade used should be as 


Meerse as possible to reduce heat generation. The one used 
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fer this operation had 14 teeth per inch. In addition, a 
femme: Compressed air was directed on the model to cool it. 
With these procedures, the heat generated was kept to an 
acceptable level. When using PSM-1, the instructions con- 
tained in Reference (17) should be followed as closely as 
possible. 

Arcer being rough cut, the models were cut to their 
meal dimensions using the high speed cutter in the Ship 
mmemecures Laboratory. The cutter turns at 45,000 RPM, 
consequently extreme care must be used for safety reasons 
fadeto prevent heat generation. Double stick tape was 
feed Mo~mceuacn time Models Lo the templare. 

In order to provide reference points for later compari- 
son with the computer results, the models were scribed with 
the element outlines as can be seen in the fringe pattern 
photographs. Should any additional work be undertaken in 
this field, the inclusion of more elements would be helpful 
for comparison over a larger area of the model. 

The various deck flange stiffeners were then cut from 
1/8" sheets of PSM-1 in the same manner as above. The top 
stiffeners were glued to the models using a resin PC-l, 
and hardener Petia lecd sly Pu@toOlastiG z.fnc. The 
properties of this adhesive are listed at the end of this 
Appendix. The resin and hardener were mixed according to 


Peerections provided. An electric scale in the Civil 





~57- 


Mmeginecring Laboratory was used to accurately determine the 
weight of each component. 


With the top stiffeners in place, a series of fringe 


photographs were made to observe the effect of this stiffening. 


Aetcer completing these tests, the bottom stiffeners were 


Pmeeea in the same manner as above. , 


- 


Difficulty was encountered in applying the adhesive as 
it tends to run out of the joint. As can be seen in the 
fringe photographs, the adhesive tends to obscure the fringe 
orders. Masking tape was used in an attempt to prevent 
mpc, NOwever, it did not work satisfactorily. In future 


work, perhaps tape with greater bonding would not allow quite 


Soomuch leakage. In any Case, the tape should be removed 


Meehan an hour of adhesive application in oxder to prevent 
bonding of the tape by the adhesive. 
Mellariscope Description, Alignment and _ Use 

The polariscove in the Ship Structures Laboratory was 
used for all photoelastic experiments. Pertinent name-plate 
data iS provided at the end of this NaC The elements 
Of the polariscope may be divided into two groups, one on 
either side of the model loading frame. On one side of the 
load frame is the short optical bench consisting Siem coc 
fme@ec~ With Jight source housing, collimating lens and 
polarizer assembly. The other grour is the long optical 
bench which includes the analyser assembly, a condensing or 


field lens, a camera lens, and the viewing screen or film 





holder. Figure B-l indicates the arrangement of the various 
elements. 

The light source may be used to provide either white 
dight or mercury green light. The two lamps are mounted on 
Meemrntadole inside the light housing. A particular light may 
Beebrought into position by turning the knurled disk on the 
under side of the housing. Independent switches allow the 
selection of either light. When using the mercury light, 
the switch is placed in the ON position and the START button 
pushed on the outside power source. A masking plate with two 
meres Of different diameters, 1.5 mm and Oe Oui else OCated 
momeciie £Lront of the housing allowing some control over the 
amount of light emitted from the source. ie 

ie mcollimating lens is provided to convert the light 
emitted from the source into parallel light rays. This lens 
precedes the polarizer assembly which is composed of a 
polaroid disk mounted in a ring fGane s ancuma "ciletcer wave 
meaee that can be swung into or out of the light path by 
Seeeemor a friction bolt. Botn polarizer and quarter wave 
plate can be rotated within their er independently. A 
Mommver 1S attached to each of the rotating plates. An 
angular scale is scribed on each stationary frame which 
meaas from 0° at the horizontal to 90° at the vertical. 
Moen the polarizer pointer is set at 90°, the axis of the 


Polarizer iS vertical. 





Monochromatic Light Source 


Collimating Lens 


Poulet Ze 


Quarter Wave Plate 


Model Location 


Ouarter Wave Plate 


Analyzer 
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Camera Lens 
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Tne analyser assembly is the first sonpencre on the 
[Mona Optical bench. it 1s identical to the polarizer 
assembly except that the quarter wave plate precedes the 
analyser. When the analyser pointer is set to 90°, its 
axis is horizontal. When all the plates are set to 90°, a 
Beenoarad circular polariscope with a dark, field is obtained. 

After the analyser assembly, the field or condensing 
lens causes the light rays to become convergent on the 
camera lens. Associated with the camera lens is a dark 
@reen filter which is used in conjunction with the mercury 
vapor lamp in making isochromatic fringe photographs. The 
febter 1s attached to the lens by means wOr a L£rictaom 
sleeve. It can be removed by holding the lens and twisting 
Moe Lilter. The camera lens 1S attached to the bench track 
@aee crack and pinion acces ng@eMSee which allows longitudinal 
adjustments to be made to the lens. 

maenwcamera Shutter board is such that its hood 
engages the camera lens while allowing the viewing screen/ 
film holdex section to move omacetichac ne to increase or 
decrease the size of the model image on the screen. ‘The 
Peewang end of the camera box contains a knob by which fine 
adjustments to the image size may be made. The camera box 
has severai methods to view or record the model image. One 
method is to use the vertical ground qlass screen which is 
attached to the camera by its own frame. Associated with 


mms screen 1s a standard 8" x 10" film holder which slides 
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in front of the glass screen for picture taking. The screen 
iS mounted in such a manner that when the model image is as 
desired, the film holder upon insertion, displaces the screen 
so that the film holder is at the same distance from the 
camera lens as the screen was, thereby preserving the size 
eethe model image. In addition to the vertical screen, a 
feed ZOntal Serene] Cao is provided for tracing of the 
isoclinics. The table attaches in the same manner as the 
viewing screen and utilizes a mirror inclined at 45° to 
project the model image on the bottom of the tracing area. 
Because of the added distance the light must eravel, the 


size of the image on the table is larger than that with the 


a wee ree mem a - ——_ 


viewing screen. Cone coins, hie ieag@aeieinal posit tem Of 
the camera box must be adjusted to maintain the same image 
size. 

Tne polariscope does not provide a film holder for 
Petaroidg film. Therefore, it was necessary to borrow a 
Viewing screen and Polaroid 4" x 5" film holder from the 
perimental Stress Analysis baber~atory: “Tne name plate 
Meea £tOr both pieces of equipment is included in this 
Memeemaix. itn order to use the 4" x 5" viewing screen with 
the polariscope, an adaptor frame is required. -Such a 
frame had been made to accomplish the experimental work of 
Reference (1). This adaptor was used for this thesis. 

The 4" x 5" viewing screen must be removed from its backing 


Meee and attached to the adaptor plate. Tne ground glass 
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screen 1S removed from its holder and the adaptor is inserted 
in its place. With this arrangement, it is then possible 
meease a 4" x 5" Polaroid film holder with the polariscope. 

The aligning of the polariscope is a simple procedure, 
but it must be done to obtain accurate test results. The 
Mere! stép is to position and level the two tables the 
optical benches are placed on, placing them on either side.of 
and as close to the loading frame table as possible. Next, 
the two optical benches are placed on the tables with their 
ends as close to the loading frame as possible. The benches 
are then aligned and leveled. The alignment was accomplished 
Pyeusing a taut string. Shims, available in the Shiv Struc- 
tures Laboratory, were used for the leveling. Neco tne ae 
light source was placed on and secured to the end of the 
short optical bench. The collimating lens was placed on the 
bench, its concave side towards the light source. 

Moe correct position of the collimating lens is determined 
in the following manner. The white light source is turned on 
and a mirror is placed behind the lens, its plane perpendicular 
to the bench tracks. The lens is then moved longitudinally 
Miret! the reflected image of the light source from the mirror 
Mack Onto the face of the light source housing is the same 
diameter as the aperture in the pee ine plate. When the 
Merrect position is found, both the light source and lens 


ere secured to the track by means of the locking screws. 
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Next, the polarizer assembiy is placed on the track; the 
@mearter wave plate being towards the loading frame. The 
whole assembly is placed as close as possible:-to the loading 
meee and secured to the track. 

The next item is the loading frame, but since this is = 
Geman actual part of the polariscope it will be discussed 
separately in the next section. 

The analyser assembly is now placed on the long optical 
bench with its quarter wave plate nearest the loading frame. 
ieee the polarizer assemoly, the analyser assembly is placed 
memclose to the loading frame as possible and secured to the 
meack. Next, the field lens is positioned approximately 
five inches from the analyser assembly. This distance is | 
Meme critical, however, it does determine how much adjustment 
Mength will be available for the camera Dox. 

After the field lens is secured in place, the camera 
lens is placed on the track. Its correct placement is 
determined by passing white Light EAG@UGh the system and 
positioning the camera lens at that oe where the field 
lens foguses the light to a point. It may also be necessary 
momea just the long optical bench alignment so that the point 
of light is centered on the camera lens. If the light point 
is not centered, the model image will be distorted. 

When the camera lens has been correctly positioned and 
meureo, the hood of the shutter board is placed over the 


Cemera lens and secured to the track. 
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The polariscope should now be ready to use. Should the 
model appear to be slightly out of focus, this may be adjusted 
by means of the knob on the camera lens. Moving the viewing 
Bereen end of the camera box will have no efflect on the image 
meeus, only its size. 

iieittimused f£omethis experiment was Polaroid Type 52, 
Peolack and white 4" x 5" film. The advantage of using 
Polaroid film cannot be overemphasized. It allows an almost 
immediate check as to picture quality; a tremendous time 
saver to the some time photographer. The shutter board of 
the polariscope provides for shutter soeeds of 1/2 to 1/50 sec 
as well as bulb and time positions. There is also an aperture 
femmoement trom fully open to fully closed. The settings used 
memeall pictures were .25 seconds, fully opened aperture, 
ema the 3 mm opening in the masking plate. Polaroid does 
produce a film that gives a negative which would be useful 
mecmlarging the model image to determine fringe orders. 
Reference (1) provides guidance in this area. 

Loading Frame and Model Loading 

The loading frame used in this experimental work is 
Hocated in the Ship Structures ena ery. Tt wasS originally 
Peetigned and built for the work done in Reference (18). 

Over the years it has been modified for other thesis work, 
meweyer, it still remains a good loading frame. Since the 
models tested in this thesis required only simple supports, 


Further modification of the frame was not necessary. The 
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@evice consists primarily of a platform and load support 
members. The platform can be adjusted to aid in the 
Sesitioning of the model on the viewing screen. ‘The entire 
loading frame was mounted on a vertically adjustable steel 
mole borrowed from the Experimental Stress Laboratory. 

This eee ward Cnemeraicvercely adjustasle loading frame 
Were an invaluable aid since the model position in the 
polariscope could be adjusted without disturbing the model 
Seeecs loading. 

Tne models were supported on small steel biocks with 
curved bearing surfaces. Knife edges are not suitable in 
this work since they tend to damage the plastic and cause 

- residual stresses where the plastic deforms. The load was 
Peeled to the model using a hydraulic ram and a 3/4" x 1/8" 
diameter steel pin. A small piece of lead sheet was placed 
Memevecn the pin and model to prevent damage to the model. 
Name plate data for the ram and pump are provided at the 
Em@emwer this Appendix. A 0-200 psi gage was used to determine 
the pressure on the ram. Tne gage was calibrated using the 
dead weight tester in the Experimental Projects Laboratory. 
The gage reading was multiplied by the ram area to obtain 
mies load on the model. | 

fyebe this method of Supporting and loading the model 
was Satisfactory, it is felt that a restraint to prevent baw 
out-of-plane bending of the model would improve the accuracy 


@eeche results. 
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Test Procedure 


With the models prepared and the polariscope alignment 
completed as previously described, actual testing could be 
undertaken. ai 

The mercury light was started, the green filter installed 
over the camera lens, and the horizontal tracing table was 
installed on the end of the viewing screen. The tracing 
Meme was used because the physical limitations of the 
hydraulic pump and ram prevented simultaneously loading and 
viewing of the model if the vertical viewing screen was used. 

The model was then placed in the loading frame and 
MP@sttlOned so as to provide symmetrical loading with respect. 
to the model centerline. In addition, the model was cnecked 
to ensure that its vertical plane was perpendicular to the 
Might beam. With the model in satisfactory position, a 
small load was applied to the model to make sure the loading 
was symmetrical. 

With these steps complete, the model was loaded slowly 
Mmem@ilcerve the location of the zero fringe order and the general 
pattern of fringe order formation. This knowledge is vital 
mamercaer to correctly interpret the fringe order photographs. 

whe load on the model was then reduced to zero to 
Peevyent any overstraining. The tracing table was removed and 
me vertical 4" x 5" viewing screen installed. The size of 


the model image was adjusted so as to make it as large as 


possible, yet retain as much as possible of the model outline. 
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Weeh the model in the correct position, the film holder and 
film were inserted, the model reloaded, and the picture 
feaken. | 

Again, to prevent any overstraining, the model was 
unloaded. Next the picture was processed and checked for 
Gelearness, contrast, proper exposure, etc. If the picture 
was satisfactory, the model was removed from the loading 
eame and another one set up. In all, forty-two loadings 
were performed and photographed. The results of those tests, 
Poem numeric and photographic, are agmbanmed in Appendices 
Seanad D respectively. | 
memouter Procedure 

| During the same time period that the photoelastic models 

were being made, a finite element computer model was 
established. An element grid was made over the actual model 
Size as shown in Figure I-l. These elements were then trans- 
formed into computer input data in accordance with Reference 
(14). A sample of input data is provided in Appendix D. 

After the model tests were completed, runs were made on 
m@eecomputer with loading identical to that on the photo- 
elastic models. In addition, the computer was programmed to 
Give results of combined vertical and horizontal loading. 
This loading was not included in the photoelastic model 
results. Due to monetary limitations, computer runs were 
not made for those tests in which the model was stiffened on. 


mae top only. 
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The computer output is quite comorehensive, providing 
stress and stress gradients for the x and y directions and 
the shear Stress for each element entered as input. It was. 
fee considered necessary that all of this information be 
included with this thesis. That information that was re- 

j memeered fOr comparison with the photoelastic models, and 
thought to be of special interest was Bee eee from the 
Sieout and is included in Appendix C. 
eget Configuration 

The following table presents the configuration of each 


of the models tested along with the corresponding parameter 


@eetne full scale prototype. 
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MODEL~SHIP PARAMETERS 


MODEL D., B/D FW A,/A, FW, D. 
1 .6875 4.0 0 0 0. aes 
2 6875 209 166i B58 a. Dulas, 
3 Ses 0) alge, seus) 2, 218 
4 .6875 4.0 Sm I eS 
5 Tis 5.0 0 0 0 Tyee 
6 ngs 5,0 1.50 690 4 aye 
7 175 Se (lene 517 3 17.4 
g 175 5.0 750 345 2 17.4 
9 IDS > 5.6 0 0 0 14.5 

10 .8125 6.0 1.50 828 4 14.5 
11 npea Ser Oni, 12 620 3 14.5 
12 1612s 6a 7S 0ua 414 2 as 
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dD? Depth of model cross~structure (inches) 

B/D: Breadth to depth ratio for model and ship 

FW? Calculated deck flange width, model (inches) 

A,/A,,: Ratio Ot total (upper and lower) deck flange 
cross-sectional area to web cross-sectional area 

aw: Assumed deck flange width, ship (feet) 

Do: Wepiea Of ssiipyeneco=ctructure (feet) 


Mm@eemikination Of Material Fringe Constant 

Although the manufacturer provides ae Piece CONS eale 
for the particular material being used for model construction, 
@e 31S possible that it can vary. For this reason, and the 


feet that the photoelastic plastic for this thesis had to be 


Beopeciatly-cast;, a determination of the fringe constant was 


considered necessary. 

There are three primary methods of calculating the 
mermoe constant; tensile test, simole bending, and com- 
MmesstOn Of a circular disk. Since all of the models would 
memeested under a bending load, the simple bending method of 
determining the fringe constant was considered most. 
pippLopriate. 

The test procedure and calculations are relatively simple 
and straightforward. A test beam with dimensions as shown 
in Figure B-2 was manufactured in the same manner as the 
models. A load was applied to the heam so as to produce 
approximately five fringe orders on either side of the 


neutral axis. A photograph of the stress pattern was made 
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meaecne amount Of load recorded. Using these pnotogranhs, 
Me@eecinge order was Getermined as illustrated in Figure B-3. 
When a beam is loaded in simple bending, the princivle 
stresses are along and normal to its free boundaries. Since 
mi@eenormal stress must be zero at a free boundary, the 


Protoelastic stress equation becomes 


Combining this equation with the bending stress equation 


moma beam results in 


where M: Bending Moment 
L- Momence of Inertia 


cz Dastance from neutral axis to 
SV Ole Telos we evens 


Rearranging 


Mch 
ita 





lo ae ft = Gidea) 


For this test the bending stress can be expressed as 





where P: Load (lbs) 
Someone Arm ein. ) 


b: Height of Beam (in.) 





=J 0 
suostituting gives 


Pa6 


f= (lbs/inch-order) 


nb 


Table B=2 gives the results of the fringe constant 


@albculations. 
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CALCULATION OF FRINGE CONSTANT 


Ruel Fore 
focal toad (libs) 99.4 GA 
EXibs) soy ls eee 
a (in) Pe, 2 
im | 4.40 4.65 
D(in) (ave meas aul, Zee pAsae ales: 
Setbs/inch-order) | AaeG: SSE 
f (average) 40.8 
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PROPERTIES OF PSM-1 PHOTOELASTIC MATERIAL 


i S840 ON Ola ontsyst 

£ 40 lb/in-order 

Vv eRe! 

Lot # 0041 

Thickness Ty eevee 

Mitga. PROEOLaASELC, Lnc. 


Malvern, sPennsyivania 


Run. 3 


se oa 


ooh 


4.406 


rare ars: 


41.54 
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ProvEkrits OF ADERESIVE 


Resin Type 
Hardner Type 
Cure Time 

Cunmes Lenipcira eure 
Elongation 

E 


iss Ie. 


PCat 


Bei 


ke ahieas s 


Room 


SD 


oo 


450,000 psi 


PAGEG las tree lic. 
Malvern, Pennsylvania 





Pyeoaracus Data 


Polariscope: 


High Speed Cutter: 


ioec Device: 


fatm Holder >: 


Film Type: 


Viewing Screen: 
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Mir: Polarizing Instrument Comoany 
Mt. Kisco, New York 


Lamps: Monocnromatic - Westinghouse 
Syl aly eheeitben! 


White ~ Westinghouse 
BOOZ JP se ,eection 


Filter: Wratten $77 
Chapman Photoelastic Model Maker 


[ieee  Ciapmet Maborarories 
West Chester, Pennsylvania 


eet / 4 

Ree. 45,000 

Blackhawk Type P450 Hydraulic Pump . 
with Blackhawk Type RC 540 Ram. 

Ram Area: .994 sq. in. 


Poleroid type SO0084 es 5° Film 
Holder 


Pomacoid Uyoe 52 (4) 9s" Fiim 
Component of Nikon transmission 
polariscope, located in Experimental 


Stress Analysis Laboratory. 
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SUMMARY OF DATA 


Interpretation of Computer Output 

As numerically competent as a computer is, it cannot 
reason between output that seems correct and that which is in 
meror. that is to say, the programmer or user 1s required to 
Seieertain the significance of all the data presented to him. 

Depending on the wishes of the user, the FINEL program 
will provide node displacements, Welteas acting at the nodes 
and member stresses. The output selected for this thesis 
was a combination of node ae aeere rice and member stresses. 

Tne member stress output is dependent on the type of 
member element selected. For a bar, axial stress only is 
provided. For rectangular and quadrilateral elements, 
stresses, stress gradients, and shear stress are provided. 
T£ a triangle is used, output consists of stresses, shear 
stress, and principle stresses and their directions. 
megure C-lillustrates the two-dimensional elements used for 
eas thesis. 

If the element stress results for a particular problem 
Meenpolotted, it will be found that, in general, the stresses 
for adjacent elements do not match along their boundaries. 
This is inherent in any finite element solution. The amount 
of mismatch may be improved by reducing the size of the 
Gelements, but it cannot be eliminated. The problem then 


arises of choosing those stresses which more closely 


approximate the actual stresses. 
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Zienkicwicz, in Reference (13), provides some guidance 
Mmaincerpreting the results. Fora condition of plane stress 
or strain, the overall stress level as calculated by finite 
element methods will be lower than that calculated by an 
Peeact theory. The accuracy of the results will depend on 
tne type of stress field, type of element:'being used, and 
mae fineness of the element grid. 

if a triangle is used in a uniform stress field, then 
Pae exact solution will be given. However, if the triangle 
is used in a linearly varying stress field, the results will 
Meee as accurate since the trianglé provides only a con- 
een Stress output as is indicated in Figure C-l. For this 
case, more accurate results are Ooesined sme the stresses © 
around a node are averaged. Zienkiewicz further cautions 
Prewmewnen using triangular elements, the stresses calculated 
at internal nodes are more accurate than those at outside 
eqges. Use of rectangular or quadrilateral elements is 
preferred because the stress aaeuilibe are Guy ema seo mem 
point stresses plus a stress gradient, thereby enabling the 
Stress variation over the element edge to be calculated. 

No matter which element is used, accuracy may be improved by 
reducing the overall mesh or element grid size, with further 
reduction around suspected areas of stress concentrations. 

Utilizing the above guidelines, the results of the 


FINEL program were interpreted and stresses chosen which were 


Bought to give the best representation of the actual 
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Beress distribution. The stress values selected were cnosen 
in the following manner: 
(a) VERTICAL DISTRIBUTION OF -TRANSVERSE BENDING 

SR iy SiS 

(TABLES C-1, C-4, C-7) 

The corner point stress of each element along 
Geeercular node ijiné was chosen. The stress at the bottom 
Meee CrOSS-Structure waS calculated from the element 
corner point stress plus the stress gradient in the vertical 
direction. The bar stresses were not chosen because of the 
necessity to comoare stresses with the unstiffened modeis and 
mae photoelastic models. Aliso, the bar stresses are not as 


Meemmace as those in the rectangular elements. 


(b>) VERTICAL DISTRIBUTION OF SHEAR STRESS 
(GONSTRIGS! (C=O (6 ab oe ema) 


The element shear stress along a particular 
mode line was chosen. It is assumed to act at the midpoint 
of the element side. 

(c) TRANSVERSE BENDING AT THE BOTTOM OF THE 

CrO5 5 SitRvUCrURE 

VEAP RES o-oo 771-6, C-9} 

Stress was calculated in the same manner as 


femaene bottom stresses Teme) above. 


(d) fRANSVERSE STRESS AT JUNCTION OF CROSS~ 
STRUCTURE AND HULL 


This stress was determined in the same manner 
Mer both (a) and (b) above. t was calculated using the 
corner point stress of element 77, plus its stress gradient in 


Mme corilecal direction. This stress was used vice that of 





aN 


a - = —— 


-80- 


element 87, Since it is assumed that the stress in a triangular 


element acts at its midpoint. This assumption then places the 


stress of element 87 outboard of the line of node 8 (see 


Figure D-1l). 
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Meme ¢4 (Cont'd) 
ROW ELEM 1 

4 3 aueee lay 2707 

. 4 69 97.82 

- /9 66.73 
MODEL #5 

1 37 45.09 

2 bye 302.20 

3 aoe le oa 7 

oe 
MODEL £6 

d. Bye 119.38 

2 by e244. 92 

3 69 167.39 

4 Fo 126.. 89 
MODEL #7 

1 eye 114.72 

2 57 250.29 

3 69 168.19 

4 mee hd 72 Oe 
MODEL #8 

1 37 106.82 
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DD 


68 
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63 


78 
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78 
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(OE 


jue 
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aye, 
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67 


ii 
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ye 


oy 
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33 
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I atshaee OS: 
ZOiorez S 
243 =o 


310 endo 


ie] 
PAM Aes (Mk 
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4 


MODEL 
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GS: 
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ZOO: 
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DAG 
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68 


78 
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60 
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67 
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ie: 
67 
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259. 
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en 


Dee 
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81 


85 


oe 
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oe 
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86 
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66 
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66 


76 


Syl 
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oe 


66 


76 
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244 


2.519 
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MODEL 


ig 


lal 


We 


TRANSVERSE 


TABLE C-3 
Cee New oo. SOOM OF CROSS—-STRUCTURE 
MODEL VERTICALLY LOADED 
LOAD: 99.4 lbs. 
NODE (ELEMENT) 

6(85)  7(86) 8(77) 9(78) 10(79)  11(80) 
259.00 M02. 26 (O27 QP MeV ike ake\7e 4 7 c)amalni ote) le 
Ome on ilceee  Suiemoe 9320685 6 So2625) 39644m 
Pose ope moor S5o4958 40118  e4s7a69 AT oaies 
238.14 412.14 545.46 505.15 598.98 591.36 
Pee Iamec Ciomecn G2 7aGc) 6909 —Neaguga sl 754ado 
POMOC SECON F66meo 452010 wioneGs 6 54 ounton 
297.84 539.34 757.83 550.06 604.62 664.61 
ocr en S Aes 42) 6S 703.70 9 F70e8G  Soeno 
A OmoM 5 oe o O54 2365435) 92324049 2523056 
350.88 658.11 950.02 577.05 630.77 703.16 
358.91 666.73 946:59 706.98 775.77 861.10 
BOM EGTSaGs Ie O85e27 Misys “002.83 1105.17 
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MODEL #1 
ROW ELEM O 
lel? 6G A, 
pees?) 319. 
ces, |) (4. 
4 69 ~374. 
pee 7 9T -743. 
6 79B -965. 
MODEL #2 
lees = 215. 
2 ey, 84. 
2 Gy, ~ 
4 69 -204. 
pee 7oT —341. 
pee 7 2B ~-364. 
MODEL #3 
lee 1S 86258. 
fes7)|)|C(l(«i1L 07. 
2 Gy, 10. 
4 69 -222. 
pe 79T ~-382. 
6 79B -434. 
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TABLE C-4 


TRANSVERSE BENDING STRESS 


MODEL HORIZONTALLY LOADED 
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66 


ia 
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58 


O1 


= 


67 


43 


I 


30 
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26 


36 
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ELEM 0 
iL oye, 5) 
35 Zoe 
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68 rey ae 
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35 104 
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84 33 
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oe eo 
B28 ee 
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21% 33 
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Wiehe 
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Se 


iS 
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88 


88 
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85 
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66 
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76 
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66 


86 


489. 
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or 


2608 
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69 
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46 
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Sl 


90 
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96 


ioe 


a0 





MODEL #4 
ROW ELEM 
i 18 
2 37 
3 o/ 
4 ons, 
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6 SNe! 
MODEL #5 
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2 Se 
3 69 
4 oT 
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MODEL #6 
uc oi 
2 ae 
3 69 
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5 7s 
MODEL #7 
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B 69 


0 
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142. 
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Sie 
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164. 
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qo 


28 
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87 


AE 
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96 


SZ 


IZ 


34 
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16 


a2 


23 


2.6 


60 
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IE 


35 
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68 
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78B 


30 


DO 


68 
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36 
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68 
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36 
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68 
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0 
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wo 


= Zorn 
-408. 
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aa 
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76 
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41 


aS 
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64 


Al 


0 


30 


1) 


A] 


a2 


28 
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6 


76 
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14 
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58 
67 
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34 
50 
67 
2 a 
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55 


67 
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= kG 
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Tisnee 
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7 
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70 
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G7 
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96 


64 


76 
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86 
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76 


86 
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=e 
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264. 


HO) 
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o3 
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84 


oe 
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20 


05 
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25 


69 


Ze 


ae 


94 
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Zo 


Ue 
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65 


70 


SL 
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70 
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MODEL #7 (Cont'd) 
ROW ELEM Oo 
4 oo =428% 
> 5 ESBS: eee 1 ar 
MODEL i: 8 
cL 38 Gliese, 
Z om 219 
3 69 aon ites 
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3 Vee: 009% 
eee OD ET, —7; 9—---—-——_ --—— 
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2 oe, =8 7: 
5 YSU eta ie OY oval 
4 wee 1682. 
MODEL #10 
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Z 69 saber ae 
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MODEL #11 
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36 
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Jie = SSA. 
77B .~-884 
a 360. 
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77 -370 
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OD 2. 


TABLE C-4 
(COmt cc) 
MODEL #12 
ROW ELEM O ELEM O ELEM O ELEM O 
1 58 504.09 56 A a sy eS AO) 5 3 BV 394, 
p 69 152-2 0)GO -141.44 67 ~132.84 66 Ae 
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ee i 


aos 6:0 


46.74 


I at | 


= 13.03 
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3 69 eee 68 13.84 67 
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TABLE C-6 


MeeNoVERo BENDING SVYRESS AT BOTTOM OF CROSS-STRUCTURE 


MODEL HORIZONTALLY LOADED 


LOADS 999.4 Ibs. 


MODEL NODE (ELEMENT) 
GO!) TASG) Sa 7) 9 (78) IR) eS On) 
qu mo0.63 -614.96 Ore 0 =156 1.60 m0 <9 ee 
Z mee 2 (9 - 556.81 =O Oe Oo =o do =o0 4.15 =o 10% 
3 mee. 99. —560.79 277 2 Geal 9S = ONS 2 434.36 -445., 
4 300.08 —-56/.44 =) Some Odio oS aie idle: Oi. 
2) aS = 751, 96 Pooitw Go. oly S77 see 00s 2 | ae 
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ROW ELEM 
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eel Cy 
(Cont a) 
MODEL #4 
ROW ELEM Oo BLEM O EaGie Oo ELEM Oo 
1 18 -162.50 16 -91.83 14 -56.96 12 -33. 
Mees? )6= - 387.04 35 -156.47 33° -121.59 31 -88. 
3 57 #«+-106.73 55 -183.80 53 -138.14 51 ~-116. 
4 69 -63.11 68 -89.88 67 -112.30 66 ~-103. 
5 797  -51.09 787  -72.93 77%  -91.23 76 <-115. 
Moe 3.87 «78R -142.37 77B +190,23 86 <155. 
MODEL #5 | 
Mes7 —-366.32 35 .-294.80 33 -211.45 31 =139. 
Sewn 623.03 955 =344.32 53  =239.05 51 -175. 
3 69 -80.37 68 -180.04 67 -148.69 66 -136. 
oe) 79 Sono 0m cw -5.90 770% -89.27 76 -117. 
5 79B- +348.50 78B ~-59.06 77B ~-203.83 86 -185. 
MODEL #6 
1 38 -199.88 36 -137.74 34  -103.08 32 ~77. 
2 57 #£4«°3-362.80 55 -193.75 53 ~-147.34 51 #£-112. 
3 69 -68.36 68 -148.34 67 -121.45 66 -108. 
4 79% -13.37 787 ~-53.90 7797  -86.82 76 -102. 
5 798 +58.75 78B -81.14 77B -124.06 86 -110. 
MODEL #7 
fe 38 -231.72 % -158.03 34 -117.61 32 —87. 
Mee 57 860 -390.29 55 -212.64 53 -160.39 51 ~122. 
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APPENDIX D 


ORIGINAL DATA 


Beempie Computer Input 

Tilustrated in Figure D-l is the finite element grid 
meted tor this thesis. The initial size or fineness of 
the mesh is rather arbitrary since it can be reduced on 
Subsequent runs to provide the desired accuracy. For the 
Semoutations in this thesis, only one grid was used because 
Oe time and monetary considerations. Regardless of initial 
overall size of the mesh, smaller elements should be used 


Meee oons Of suspected stress concentrations. As can be 


“seen in the figure, the elements are smaller in the area of 


men junction of hull and cross-structure. The small arrows 
on the figure are the points of applied load. 

Following Figure D-1l, the entire input deck for model 
number four is listed as an examole for anyone having 
occasion to use the FINEL program. The comments printed 


With the listing refer to the subdivisions of the input deck 


as listed in the User's Manual, Reference (14). 





LO 













4 > i ees: 
SS eae 
GOR Ze Aa 1G 


a 


| 
A mH} LIAS 15 


__ 28 | 30 | 32 34) 36 


Zh PASM Hh oils ys) (|| e)) 
BA Cele SOs lS 4 0.6 








477 Agent side allo} o 1a Heo) 5) 


PANG OnE = i) 
FINITE BLEMENT GRID 


am ee 





laine 


TN 


Sahl! 


(Peso Gi 10 ee S eae ail 


} 


e 


SOhaed 


S 


S 


“akGvate fae (Ge I tae 
¢ 
oc: 
in 


oo 


¢ 


S 


i 


Q 


eo es ©c 6 @€ @¢ 
Seay te co a | 


© 


e 0 
rt OE MM) WwW 


© 


g 


Cae y € 
ete c e 
6 Wh c Cc 
© “i T Ye 
+7 G - VE T it S 
7 Gea; iT @ 
HG SO S z 
7G oka 6 € 
7G PU iL " 
7G PR y S 
7GSL S 4 
7 Gey 4 c 
17 ean 2 vA 
HGS G g g 
0G°%U f e 
Us * i! jou | 
Ca om a 
CS o i 
{ne 8 T 
(pes JE a 
a g ; 
ty SAG S 1 
UG v4 a 
Cae 4 T 
Ore eC i 
oe T t 
So LUNI Coe aia 
17) ‘a 
Sad I 
SaiddsdU0dd ILNsnKw3 Ts 
ca Mi a eee 
SQELLSTaoslLOVUVHD Widsilva 
perme || tee ay es at Gee Oe mee Sat 


Y) 2 I 
é eal 0 


c T 
] sieeve Uc OSV eit 


_— 


L 


ee) 


= 





ey Gy 
36% 


Oo & 
ec: 


me 


f~- 


‘am 


ms 


tT) 


hg 5 


es) 


047 


ia 


ry 


fe 


cy 


#* 


ee 


ey 


oy 


o © 
o ¢ 
rt rt 


20% 
30% 


a yace 
© © 
cm! ee 


Siew? 


Lt Be 


7 Be 


ee) 
o ) {3 


5047 


aia 


ret or 


rod 


~ 
4 


a 


gs 


ry 


VASO 


oan | 


wy 


‘ae 


™ 


Lie 


Mw 


ce, 


x 


2a3 


Sa) 


tr 


Zo 
205 


+ 
8 


im uy 


Ls 


2o3 


ur 


uO, 


uy 


Las 
ie) 


10 


wy 


5547 


et 


e-t 


og 


co} 


Ye 


059 


- 


* 
aes 


Zo 


fy 


N 


b 


'~ 


Cy 


yO 


tf 


7 


sual 


“I 


f-- 





cA 6. 


8 
wt uw 


h I> P- 
6 ao ¢ 
co ON 


Gr 


rot 


6 


Zof 5047 


jegh 


r\ 


a 


1 


~ 


~o 


N69 


h- 


seer 


et 


om) 


3 


Vara 
Sia) 


€ ~} ov! 


° e @ 
Coy cy 


KY 


hott 


307 


vt 
S) 
oe) 


w 


tO! 


‘as 


o 
2n% 


et 


cy 


3542 


é, 


OO) 


-~}]3- 


$ 
. 
a 


> 4, 
ads 


oS 


2 
val 
? 


NJ 
sj i 


a ne 


oe) 
wy 


9 
ont 


Io 


08 


oa) 


Cy 


ere 


25% 


Cy 


4 


C3 
$e 


ch 


om 


ca 


rt 


en a 4 


ony 


end 


Lo? 


“ao 


4+ 


PP es: 


in) 


19 


~ r 
ae | 


wy 


a 


Ie 


453 


W! 


aN 


rw 


ra 


ant 


un 


cally 


“oa 
s ‘ 


iN! 


et 


r—t 


4 


ik 


Cn 


4) 


r—4 


Om! 


Pate 


(oy 


ca 





ors 
bo 


ca) 


eZ 


i 


25% 
2» 


<t tC\ 


aN 
4 re 


Lo2 


60 84 
625% 
5.84 


ed 


fan) 


of 


© 
4 


Bol 


ra) 


re 


t 


BER DATA 


MEM 


C 


™ 


WN 


o~! 


ed 


o~} 


e~t 


r-i 


iy 


on 


‘aN 


(ri 


e-d 


C7 


eo} 


el 


Cs! 


tr 


a. 
S 


ww 


=n 


co 


an) 


rt 


et 


oe 


N 


v-d 


a 


“I! 


r--t 


ie) 


ea 


e~-t 


9 


6 


rot 


ur 


e—{ 


G 


™ 


ri 


rt 


i oor) 


ed 


Bs 


8 


ened 


an 


rd 


©o 


wt 


(vy 


mt 


XM 


et 


et 


08) 


et 


vy 


CJ 


wa! 


el 


ee 


fa 


ot 


rt 


o 


WN 


rf 


rf 


O 


ce 


rt 
rt 


rt 


cs 
e-t 


r~{ 


ct 


as 


aN) 


LN 


aN 


aN 


cq} 


et 


emt 


‘oy 


cots 


* 


oa 


Oo 


OC! 


a 


‘So 


NM 


(vt) 


) 


(NJ 


(T} 


mee 


NN 


co 


wy 


cv) 


sO 


om 


aN 


cc, 


ed 


se) 


MN 


~) 


~ 


r-t 


(3 


(ft) 


ae ah 


r-t 


<0 


ee 


ai 


aa 


=A 


al 


1¢ 


S 


me 


rd 


So 


™! 


Ct) 


ta | 


6 


“7 


cy 


<a) 


Cc) 


‘ae) 


ce 


@ 


0 


. UN 


wy 


oy 


rt 


ay 


am) 


an 


6 
5 


49 


{~ 


0 


4, 


er 


md 


i} 
oe 


My 


cc 


ms 


an 


~) 


Ci) 


i We 


oa 


8 


fam 


iG 


one 


? 


an 
a} 
Aw 


l 


lee 


Or 


Ly 


7 


| 


vai 


L. 


am) 


ro 


cn 


—} 


om) 


rd 


red 


Ls 


WN 


ts 


C\] 


he RV ieee 


uy 


ty 


as 


e~t 


Loy 


ve 


a 


a 


hl 


alee — 


iy 


ca 


uy) 


red 


Fa 


6 


i 


a2) 


b 


645 


ty 


(8) 


rl 


67 


uy 


8 


Neil 


Cr) 


ot 


rot 


€ ‘ 


) 


et 


LN 


ret 


oe 
ed 


in 


mt 


oo 


rad 


6 


N 


OJ 


e-t 


G 


7 


an) 


rt 


6 


73 
74, 


is 
2: 


my 


‘) 


fy 


6) 


wy 


5 


uw 


r-4 


76 


if 


Ln 


ret 


Na) 


Steet 


ur 


(v) 


Gy 
(ee 


my) 


rt 


ah | 


Ne) 


5 


‘oo 


Da 


m9 


rod 


gr 


NS 


iD 


st 


rl 


Co) 


> 


rod 


ry) 


- 


6 


(NS 


f-- 


O 


re 


ye 


Oo" 


6 


a8) 


en? 


E3 


wn 


om) 


ed 


34 


Na) 


wy 


~ a 


LY 
OF 


g 





are 


= QE J Wyse Som ON OH FDO OO oS ON NO Fu Od OS 
J om © a © @ CeO OO ee ee! et et (LN OW NOS 

tint ected et ent et tert retoet rt ei et et 
el oe NIVOY sh ty 50 NOSFNONMSTMWON MISMO ONM ge nol Mey 
0 0 Ca | = = &- Sue GeO ce Gx C~ OO OC ee OD et od et Ht AIM 


ee 


w-t ert 


Mmm OOO CO OOMe ewe oon 
rd 


ti reed end eHd eet wet et et 


in 
in 


il 
2 
3 
A 
5 
7 
> 
L 
@ 
3 
be 
5 
Z 
3 
A 
5 
i 


Cera at LON eet oN CO 5 et) 


19 


me C2 &. 2 wt wb et et AICS 
wet met eek pat eed nk et rut et e-l 


ee 


Remco) Oy CX OO DO OY OO FS OY CNM CH OL CN AI EO EM A MM A CF | HO} 


mt emt ON ONE A ON eh eh dt ON et ed et ey ore et ed eet ee a et et et owt od et 


Beet ty LY SO SO TIN OOO DOW BOON A! OO Derm CO APN A 
een 8 {wet (NI Gy st EY WO OP xd OY fo ee OI OO) AF OLN OO OO St et QUE om AF OIM OO Ot OO Of 
eto OO OC OOOO OO C-SI ee et a aed rt Ret mt AN 

ee eee eh mt et et et ret rs et me rt eet ed et opt eH mt et et 


Q 


ONDITICNS 


Re UNA E You€ 


C 





v 


—— = 


lt 
a ° 
P| 
| rv 
HOS ENG Dae As ee 
GT 
7 ™GS if 6 c 
7°*6b6=— G aot € 
766 T G c 
7° &6b=— c ca T , 
a 
Sa3YCG4d SCN 3 
Cul 
Was Tas 9 
ee ca % 
| . 1G it +4 
| ae cal € 
a a eZ 








cece BE se 


Meinge Pattern Photographs 
The following figures present, the fringe pattern 

photographs for all ee and all loadings. The sequence 
Of the figures is such that the first four photographs are 
for the first four models with parameters as listed in 

® Table Pie Ue wre threes photographs are for models of a 
Pieercular B/D grouping, however, they are stiffened along 
the top edge only. This seguence is repeated for each B/D 
Becoupeand for each type of loading. The first six figures 
are for the vertical loads, while the remaining six are for 


mae Mmorizontal loads. 
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MODEL 6 


MODEL 5 








MODEL 8 


MODEL 7 


FIGURE D-4 
FRINGE PATTERNS, B/D = 5.0, VERTICAL LOAD 
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MODEL 3 MODEL 4 
FIGURE D-8 
FRINGE PATTERNS, B/D =4.0, HORIZONTAL LOAD 
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MODEL 2 MUUEL 3 





.MODEL 4 
FIGURE D-9 
FRINGE PATTERNS, B/D = 4.0, HORIZONTAL LOAD 
TOP STIFFENING ONLY 
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MODEL 8 
PIGURE  DO-TT 
FRINGE PATTERNS, B/D = 5.0, HORIZONTAL LOA 
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MODEL 10 








MODEL 11 MODEL 12 
FIGURE D-12 
FRINGE PATTERNS, B/D = 6.0, HORIZONTAL LOAD 
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MODEL 12 
FIGURE D-13 
FRINGE PATTERNS, B/D = 6.0, HORIZONTAL LOAD 
TOP siIPFENTOGe ONLY 
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